Abstract Nephrocalcinosis is the deposition of calcium salts in renal parenchyma and can be intratubular or interstitial. Animal model studies indicate that intratubular nephrocalcinosis is a result of increased urinary supersaturation. Urinary supersaturation with respect to calcium oxalate (CaOx) and calcium phosphate (CaP) are generally achieved at different locations in the renal tubules. As a result experimental induction of hyperoxaluria in animals with CaP deposits does not lead to growth of CaOx over CaP. Interstitial nephrocalcinosis has been seen in mice with lack of crystallization modulators Tamm-Horsfall protein and osteopontin. Sodium phosphate co-transporter or sodiumhydrogen exchanger regulator factor-1 null mice also produced interstitial nephrocalcinosis. Crystals plug the tubules by aggregating and attaching to the luminal cell surface. Structural features of the renal tubules also play a role in crystal retention. The crystals plugging the terminal collecting ducts when exposed to the metastable pelvic urine may promote the formation of stone.
Introduction
Nephrocalcinosis describes the deposition of radiologically demonstrable calcium salts in renal parenchyma and is different from crystal deposition in the lumens of collecting systems, ureters, bladder, etc., which is called nephrolithiasis or urolithiasis. Nephrocalcinosis can be divided into two categories, intratubular or interstitial. Kidney stones develop in the renal calyces and pelvis [1] . Randall suggested that interstitial subepithelial deposits of carbon containing calcium phosphate arising from pathologic conditions of the renal papilla erode through to the papillary surface and form a Type 1 precalculus lesion [2] . He further suggested that excessive supersaturation associated with tubular epithelial cell necrosis leads to crystallization and crystal deposition in the terminal collecting ducts producing a Type 2 precalculus lesion. In both cases the lesion acts as a nidus for further deposition of salts resulting in the formation of calculi in the pelvis or papillary ducts. Randall's plaque generally refers to Type 1 precalculus lesion.
Recent studies by Stoller and associates [3] [4] [5] and Evan and colleagues [1, [6] [7] [8] [9] of kidneys of a variety of stone patients including, idiopathic, intestinal bypass surgery for obesity, primary hyperoxaluria, brushite, cystine and distal tubular acidosis have provided a detailed description of plaque and histopathological changes in kidneys of the stone formers and shed more light on the role of Randall's plaque in stone formation. Randall's plaques consist of poorly crystalline biological apatite and are suggested to originate in the renal interstitium close to the collagen fibers and the basement membrane of the Loops of Henle [10] . With the exception of kidneys of those who form stones after bariatric surgery for obesity, Randall's plaques were seen in almost all the renal papillary biopsies including those from the non-stone forming papillae [1] . On the other hand intratubular apatite crystals were seen in renal collecting ducts of all stone formers except those of the ID stone formers. Kidneys of intestinal bypass surgery did not show any plaques or interstitial crystal deposits, only apatitic crystal deposits in some inner medullary collecting ducts [10] . In a rare case both CaOx and CaP crystals were observed in the collecting ducts. Luminal surface of the inner medullary collecting ducts also showed focal hyaluronan staining [11] which was generally absent in the ID stone formers' kidneys. Our light and electron microscopic studies of a renal papilla and associated CaOx kidney stones showed calcium phosphate (CaP) deposition in the interstitium and CaOx in the ducts of Bellini [12] . Calcium oxalate crystals did not appear to develop on the interstitial deposits of CaP.
Animal models of renal crystal deposition
A variety of animals including mice, rabbits, rats and pigs have been used to study in vivo the pathogenesis of different types of stones. So far, most investigations have been limited to calcific stone disease using rats and mice and I will therefore focus on studies of CaOx and CaP crystal deposition in kidneys of these animals. With respect to renal morphology, kidneys of mice, rabbits and rats are unlike those of humans and are unipapillate while those of pigs are similar to those of humans in being multipapillate. Rats and mice are however, the two most commonly used experimental animals in medical research including stone disease.
Calcium oxalate deposition: rats
Hyperoxaluria, one of the most common risk factors of ID CaOx stone disease, can by itself induce CaOx deposition of in the kidneys by the administration of vitamin B6, glycolic acid, glyoxylate, sodium oxalate, ammonium oxalate (AOx), ethylene glycol (EG), or hydroxy-L-proline (HLP). Additional administration of vitamin D or calcium chloride promotes hypercalciuria and faster CaOx crystal deposition [13] . Consumption of refined sugars such as sucrose, glucose, fructose, xylitol or sorbitol by rats on ethylene glycol also results in CaOx crystal deposition in the rat kidneys [14] . Acute hyperoxaluria can be induced through intraperitoneal injection while chronic hyperoxaluria through food and/or water [15, 16] . Literature survey indicates that a significant majority of the studies utilize EG as the hyperoxaluria inducing agent.
A number of studies have been carried out to investigate aspects of calcium oxalate stone formation in male and female Sprague-Dawley rats. Acute hyperoxaluria leads to rapid deposition of CaOx crystals in the kidneys, starting from proximal tubules and moving to the renal papillae [17, 18] . Crystals appear in the renal tubules, moving with the urine eventually clearing the kidneys. Amount of deposits and their stay within the kidneys depends upon the quantity of lithogen administered. Higher amounts lead to significantly high number of deposits throughout the kidneys. Crystals are retained at the renal corticomedullary junctions, papillary tips and fornices. These are the sites with changes in luminal diameter of renal tubules and large crystal aggregates cannot move with the urine flow [19] .
Hyperoxaluria has also been induced by sustained oxalate release through subcutaneous implantation of oxalate containing osmotic minipumps [20, 21] . Most of the oxalate, however, deposits around the pump opening or is taken up by the skin [21, 22] . Only a small portion ends up in the urine. As a result, renal CaOx crystal deposition is limited and occurs only when a large amount of oxalate is delivered. Otherwise hyperoxaluria leads only to CaOx crystalluria.
When hyperoxaluria is induced by administration of 0.75-1% EG, there is an increase in urinary excretion of oxalate within 2 days and hyperoxaluria is established within 3 days, CaOx crystalluria within 2 weeks and CaOx nephrolithiasis within 4-6 weeks [15] . Urinary pH and excretion of citrate are significantly decreased. Other urinary factors and renal creatinine clearance remain within normal range. Crystal deposition starts in the lumina of collecting ducts of the renal papilla and large stone-like deposits are formed associated with the renal papillae and/ or fornices. Higher concentrations of EG or induction of acute hyperoxaluria by intraperitoneal administration of oxalate leads to crystal deposition throughout the kidneys and in all sections of the renal tubules, from proximal tubules to the papillary collecting ducts. Administration of HLP also leads to CaOx nephrolithiasis in the male rats [23] following a similar course of events generating comparable urinary biochemistry. However, crystals are, in general, seen throughout the kidneys.
Kidneys of nephrolithic rats show deposits of CaOx crystals in the renal tubules. Epithelial cells lining the crystal-containing renal tubules are damaged, showing signs of degeneration followed by regeneration [23] . Crystals appear first in the tubular lumen [24] , thereafter many of the crystals move into inter and intracellular locations and eventually into the interstitium. Movement into interstitium is associated with inflammation, attracting many inflammatory cells including leukocytes, monocytes and macrophages [25] . Eventually interstitial crystals disappear [26, 27] . CaOx crystals often block the terminal collecting ducts on papillary surface and grow into large deposits (Figs. 1, 2b ). Crystals are often seen attached to the basement membrane (Fig. 2a, b) [18] . After the loss of surface epithelium, a result of loosening of tight junctions [23] , these deposits become exposed to the pelvic urine, and continue to grow as large papillary stones.
Hyperoxaluria leads [28] to a gradual increase in urinary levels of alkaline phosphatase (AP), gamma-glutamyl transpeptidase (GGTP), and N-acetyl-b-glucoseaminidase (NAG), enzymes often reflective of proximal tubular injury. Urinary excretion of NAG was most significantly increased and correlated highly with urinary excretion of Ox. Hyperoxaluric rats had increased urinary excretion of LDH, malodialdehyde, 8-isoprostane, and hydrogen peroxide, indicating the involvement of free radicals in oxalate and CaOx-associated renal toxicity [23, 29] . Administration of antioxidant such as vitamin E resulted in reduced levels of lipid peroxides in the kidneys and decreased urinary excretion of LDH and lipid peroxides. In one study vitamin E administration improved renal tissue antioxidant status and prevented CaOx crystal deposition [30] . After 8 weeks on a hyperoxaluric diet, male Sprague-Dawley rats excreted higher amounts of arachidonic acid and prostaglandin E2 than the normal controls. We investigated MCP-1 production by renal epithelial cells in response to an exposure to Ox and CaOx crystals [31] . Immunohistochemical investigation of the paraffin-embedded sections of rat kidneys using a rabbit anti-rat monocyte chemoattractant protein-1 (MCP-1) antibody showed cells of crystal-containing tubules to satin positive for MCP-1.
Other studies have provided evidence for the activation of the rennin-angiotensin system during the development of hyperoxaluria-induced tubulointerstitial lesions of CaOx crystals [32, 33] . Reduction of angiotensin production by inhibiting the angiotensin converting enzyme as well as blocking the angiotensin receptor reduced crystal Fig. 1 Scanning electron microscopic analysis of the calcium oxalate crystal deposition in rat kidneys. Rats received EG in water and calcium chloride mixed with chow for 8 weeks. a Renal papilla with surface protrusions (solid white arrows). Longitudinal section through similar renal papillae from the hyperoxaluric rats show collecting ducts filled with CaOx crystals (Fig. 2b) deposition and ameliorated the associated inflammatory response. CaOx crystal deposition in rat kidneys activates the rennin-angiotensin system and increases renin expression in the kidneys and serum [34] . CaOx crystal deposition in the kidneys also increases the expression of Tamm-Horsfall protein (THP), CD 44, osteopontin (OPN), bikunin and other inter-alpha-inhibitor (ITI) related macromolecules, prothrombin (PT), and heparan sulfate (HS) as determined by immunocytochemical localization using specific antibodies [35] . There was no increase in either the production or excretion of THP [36, 37] , only increased retention in the kidneys where THP surrounded the retained crystals. Other studies have, however, shown either a decrease [38] or an increase [39] in THP expression and production. Production and urinary excretion of OPN [40] , PT [41] , various ITI-related proteins [42, 43] and HS [42] was substantially increased as determined by detection of their specific mRNAs. These molecules are involved in modulation of crystallization as well as inflammatory cascade.
In conclusion, results of rat model studies indicate that renal CaOx crystal deposition is mostly intratubular, Fig. 2 CaOx crystal deposition in renal tubules of the hyperoxaluric rats. a Transmission electron microscopic image of a renal tubule from kidney of rat made hyperoxaluric by intraperitoneal administration of sodium oxalate [18] .
c Scanning electron micrograph of proximal tubule from kidney of a rat made hyperoxaluric by feeding EG nephrocalcinosis, and is associated with cellular injury, inflammation and cellular regeneration. Reactive oxygen species are produced during hyperoxaluria and nephrolithiasis and are most likely involved in various signaling events.
Calcium oxalate crystal deposition: pigs
Feeding HLP to the male or female pigs produces hyperoxaluria [44, 45] , which reaches a maximum and then stays at that level in males and drops to the control levels in the females. Light microscopic examination of the renal papillae was performed in the male pigs and showed CaOx crystal deposition, papillary tip encrustation and tissue injury.
Calcium oxalate crystal deposition: mice
Even though most rats with experimentally induced hyperoxaluria develop CaOx renal deposits, mice with hyperoxaluria alone either do not produce any CaOx crystals deposits or only a few crystals in their kidneys [46, 47] . Daily intra-abdominal injections of glyoxylate have been shown to produce CaOx nephrolithiasis in mice. However, renal crystal deposition increased in the first week and then started to decrease, crystals disappearing from the kidneys after 2 weeks [48, 49] .
Genetic manipulations of alanine glyoxylate aminotransferase (AGT) or anion transporter Slc26a6 have produced hyperoxaluric mice. AGT null mice develop severe hyperoxaluria but develop only a few CaOx crystal deposits in their kidneys [48] . Mice lacking anion transporter Slc26a6 also develop severe hyperoxaluria [15, 18] , but only those with higher urinary calcium excretion develop CaOx crystal deposits [15] and bladder calculi. We have hypothesized that in mice, experimental induction of hyperoxaluria alone is not sufficient to produce CaOx nephrolithiasis. It requires an increase in the urinary excretion of both calcium and oxalate [50] . Male gender also appears to be a critical factor in crystal deposition. We were successful in producing CaOx crystals deposits in only male hypercalciuric Npt2a KO mice. In the case of AGT KO, when killed at age of 6 months, only the male mice (n = 62 of 118) developed CaOx bladder calculi while none of the female AGT KO mice (n = 212) had bladder calculi.
Calcium phosphate crystal deposition: rats
A number of rat models are available to study the role of hypercalciuria in the development of ID CaOx stone disease. A genetic rat model of hyercalciuria was developed by selective breeding of spontaneously hypercalciuric male and female Sprague-Dawley rats. Hypercalciuria in these genetic hypercalciuric (GH) rats is associated with increased intestinal vitamin D receptors, calcium absorption and normal serum vitamin D3 (1,25-dihydroxyvitamin D3) [51, 52] . The GH rats inbred for 29 generations, when put on a 1.2% calcium diet, developed deposits of poorly crystalline CaP, in the urinary space. The frequency of stone formation increased progressively over time. In one experiment, one in five GH rats had stones after 6 weeks, three of five after 12 weeks, and five of five after 18 weeks. When rats of the 45th inbred generation, who excrete 8-10 times more calcium as the controls were given ammonium chloride in their drinking water and a diet of 1.2% calcium, there was a decrease in their urinary supersaturation with respect to brushite and CaOx [53] . However, they still produced stones of poorly crystalline CaP. Induction of hyperoxaluria by the administration of 3% HLP to GH rats resulted in the deposition of CaOx in the urinary space [54] .
Experimental induction of hypercalciuria in rats by administration of vitamin D results in the intratubular deposition of CaP [55] . Only the female weanling rats given AIN-76 diet become hypercalciuric and produce intratubular concretions of CaP [56] (Fig. 3) . Diet with 30% lactose causes hypercalciuria and CaOx dihydrate crystalluria without any change in the urinary oxalate or crystal deposition in the kidneys [57] .
Calcium phosphate crystal deposition, mice
Tamm-Horsfall and osteopontin null mice THP, also known as uromodulin, is a kidney-specific protein, synthesized in cells of the thick ascending limbs of the loop of Henle. It coats the luminal side of the epithelium and is most abundant in a human urine (50-100 mg/day) [58] . It is consistently present in the stone matrix and has high affinity with calcium phosphate crystals [59] . Normal THP is a potent inhibitor of CaOx crystal aggregation [60] and reduced urinary excretion of THP by stone formers has been reported [61, 62] . In addition, stone formers are shown to produce THP with abnormal molecular structure which promotes crystal aggregation [63] .
The first, direct evidence for THP's involvement in stone formation was provided by ablating the murine THP gene [46, 64] . Two independent knockout mouse models were created that used the homologous recombination approach to ablate the THP gene in the mouse embryonic stem (ES) cells [64, 65] . Mice derived from the genetically engineered ES cells were completely viable, thrived, bred normally and exhibited no noticeable behavioral changes. Unlike the wild-type mice which strongly expressed THP, THP was completely absent in the kidney and urine of the THP KO mice, as evidenced by Northern blotting, RT-PCR, Western blotting and immunohistochemical staining. When stained with the von Kassa solutions, the kidneys of THP KO mice, but not the wild-type controls, exhibited micro-crystals mainly in the renal papillary region [64] . The great majority of the crystals, consisting exclusively of calcium phosphate, were located interstitially or in the basement membrane zone [66] . Overall, 14-17% of the KO mice developed papillary calcinosis from two different cohorts. Induction of hypercalciuria and hyperoxaluria by the administration of vitamin D3 and ethylene glycol, respectively, lead to copious crystal deposition in the kidneys of 76% of the THP knockout mice. There was no crystal deposition in kidneys of the wild-type mice, with or without the excessive intake of calcium and oxalate. These results indicate that defects in THP production may contribute to crystallization in the kidneys and promote stone formation.
We have recently determined that nephrocalcinosis increases with age and is present in 100% of the 15-month-old THP-/-mice. Interstitial crystals, consisting of poorly crystalline biological apatite, were mostly seen in widened basement membrane zone of the collecting tubules and thin limbs. TEM of the interstitial crystals showed onion-ring or tree-trunk appearance, with electron-dense materials interspersed by less-dense materials presumably consisting of proteinaceous substances. The crystals were not accompanied by inflammatory cell infiltration. Thus, the older THP-/-mice have renal interstitial deposits of poorly crystalline biological apatite with phenotypic Ten percent of the mice lacking osteopontin (OPN) spontaneously formed interstitial deposits of calcium phosphate within the renal papillae [46] . Lack of both OPN and THP proteins caused renal crystallization in 39.3% of the double-null mice. Urinalysis revealed elevated concentrations of urine phosphorus and calcium phosphate supersaturation in THP-null and OPN/THP-double null mice, suggesting that impaired phosphorus handling may be linked to interstitial papillary calcinosis in THP-but not in OPN-null mice.
Sodium phosphate co-transporter (Npt2a) null mice Mice with disrupted Npt2a co-transporter gene (Npt2a -/-) were created by targeted mutagenesis [67] . Npt2a-/-mice are viable and fertile with normal gross appearance and behavior. They exhibit increased urinary excretion of Pi, *80% decrease in renal brush border membrane Na/Pi co-transporter, and hypophosphatemia, which leads to increased serum 1,25 (OH)2D levels, overexpression of intestinal calcium channels, increased intestinal calcium hyperabsorption and development of hypercalcemia and hypercalciuria [67, 68] . Npt2a-/-mice develop renal deposits of apatitic CaP [69] (Fig. 4a) . Deposits are present in newborn, weanling as well as adult mice.
We determined the sites and extent of CaP deposition in the kidneys of male and female KO mice of 5 days, 14 days, 2 months, 4 months, 6 months, and 11 months of age using various microscopic techniques [50] . The kidneys of mice of all ages investigated, from 5 days to 11 months of age, contained both tubular as well as interstitial crystal deposits. By 6 months most crystal deposits appeared located in the renal interstitium. Crystal deposits were von Kossa positive and often showed growth of ring-like internal substructure. Interestingly, many of the deposits were just beneath the papillary surface epithelium. Energy dispersive microanalyses of the deposit revealed the presence of calcium and phosphorus peaks and electron diffraction analysis identified them to be poorly crystalline biological apatite.
Sodium-hydrogen exchanger regulator factor-1 (NHERF-1) null mice 12-week-old NHERF-1 null mice have normal urinary volume and experience hypercalciuria, hyperphosphaturia, hypermagnesuria, and uric aciduria. At 6 months of age there is a correction in urinary phosphate/creatinine ratio. By 1 year these mice are still hypercalcuric with uric aciduria but become hypophosphatemic. These mice show a few interstitial CaP deposits in their renal papillae at 48-54 weeks of age. By 72 months of age there is a manyfold increase in the interstitial CaP deposits. These mice also have very low expression of Npt2. Npt2a links with PDZ containing NHERF-1 through COOH-terminal PDZ-binding domain.
Calcium oxalate/calcium phosphate association in animal models
Since CaP is a substrate for the development and growth of idiopathic (ID) CaOx kidney stones, role of CaP in renal deposition of CaOx has been investigated using both the rat and mice models. Hyperoxaluria was induced in hypercalciuric rats and mice, with the expectation that hypercalciuria will lead to CaP deposition and hyperoxaluria-induced CaOx crystals will deposit upon the preexisting CaP crystals. Under similar urinary CaOx or CaP supersaturations, male weanling rats were prone to form CaOx deposits while female weanling rats were susceptible to produce CaP deposits in their kidneys. Crystals in females rats were localized to the corticomedullary junction while in males to the renal papillae. The difference in location of CaOx and CaP crystals within the renal tubules may be the result of urine supersaturation for CaP being reached at levels above collecting duct while that of CaOx in collecting ducts and lower nephron sections. Only the male NPt2a-/-hypercalciuric mice produced CaOx crystals which did not deposit on the preexisting CaP crystals (Fig. 4b) . The results indicate that, deposition of intratubular CaP does not influence intratubular deposition of CaOx, and gender and supersaturation play an important role in the type and location of crystal deposition in the kidneys.
Concluding remarks
CaOx as well as CaP crystal deposition in animal models is induced by increasing urinary excretion of calcium and/or oxalate thereby increasing urinary supersaturation with respect to CaOx or CaP. All the animal models of genetically or environmentally induced hyperoxaluria, be they mice, rats, or pigs lead to CaOx crystalluria. Male rats and mice are susceptible to renal deposition of CaOx crystals under hyperoxaluric conditions while it is difficult to induce CaOx crystal deposition in kidneys of the female rats and mice. Obstruction of ducts located near the medullary surface or papillary tips results in erosion of the overlying ductal epithelium and the urothelium, forming a lesion comparable to Randall Type II precalculus lesion. Induction of hypercalciuria in rats leads to CaP crystals in their renal tubules, renal calyces and pelvis. Thus in rats both hyperoxaluria and hypercalciuria produce intratubular crystal deposits. On the other hand, hypercalciuric mice and mice with crystallization inhibitor deficiency can produce both intratubular as well as interstitial deposits of CaP.
Idiopathic kidney stones are defined as deposits of CaOx/CaP on a subepithelial plaque of poorly crystalline biological apatite present on the renal papillary surface. Thus ID stones have both luminal as well as interstitial components. None of the animal models have so far been able to mimic this condition in which CaP crystals originating in the renal medullary interstitium act as nidus for the development of a CaOx kidney stone in the renal pelvis. The interstitial component appears to be complex to model perhaps a result of a lack of insight into the interstitial environment and thus of capability to manipulate it.
As originally suggested by Randall, there appear to be two basic mechanisms for the formation of stones. In one, stone formation begins when subepithelial interstitial deposits of CaP at the papillary tip lose their epithelial covering and become exposed to the pelvic urine metastable with respect to CaOx. This leads to the deposition of CaOx crystals on the preformed CaP plaque and the formation of CaOx kidneys stone. In the other, high supersaturation leads to crystallization in the terminal collecting ducts. Almost any salt can precipitate in the renal tubules depending upon its supersaturation in the urine. Crystals plug the tubules by aggregating and attaching to the luminal cell surface. Structural features of the renal tubules at the papillary tip may also play a role in crystal retention. The crystal plug when exposed to the metastable pelvic urine promotes the formation of stone. Based on the currently available information therefore we can conclude the following: (1) interstitial nephrocalcinosis, the deposition of poorly crystalline CaP in the renal interstitium is particularly common in the human renal papillae; (2) intratubular nephrocalcinosis involves tubular deposition of a variety of crystals including CaP, CaOx, cystine or uric acid; (3) idiopathic calcific stone formers demonstrate both interstitial as well as intratubular nephrocalcinosis; (4) interstitial nephrocalcinosis may or may not lead to the formation of kidney stones.
